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INTERFEROMETRIC DETERMINATIONS OF
ASTEROID DIAMETERS

S. 0. WORDEN
Sacramento Peak Qbservatory

A promising  Earth-based technique  for directly  determining
diumeters of asteroids is based on new developments in interferometry.
Lndil 1978 applicativon of interferometric techniques o asteroids was
hmited to the very brightest abjects by the low seasitivity of availubie
deteciors. Results have been published -oniv jor Pallas and Vesta,
However, moudern photoclectric detectors are now heing used in these
uvhservativns and diameter measuremenis fora numper of minor plunets
will be furthcoming,

The resolution of optical telescopes is clussically given by the Rayleigh

criterion and is inversely peoportional to the telescope diameter. However, as -

is well known, turbulence in the carth’s atmosphere or “seeing” degrades
virtually all tefescope images to about one aresee. Smee the targest asteroid
angular dinmeters are about 0.5 wre see. conventional telescope images are
fimited for medsuring astefoid sizésiind shapes. In principle, telescopes of 4-5
meter diantter not fimited by secing could obiain angular resolution of 0.02
arcsed. transkiting into about 30-km resolution in the asteroid belt,

Recent techniques, speckle and amplitude interferometry (or single
aperture interterometry) offer great promise (or wemoving the degrading
etfects of the-atmosphere. luterferometry was fiist employed to measure the
diameter of the asteroid Vesta by Hamy in about 1894 {see Dollfus 1971). In
1977 Vesta and Pallas were vhserved by Worden e ol (1977) and later by
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Worden and Stein (1979) wsing speckle interferometry, but extension of this
word 1o fainder asteroids has been hindered by the low sensitivity of available
detectors, With suitable application of these methads it now appears possible
1o diteetly measure angular sizes and even produce images for several
hundreds of the farger astervids. In this chapter | discuss the limited work
already done on astervids with speckle interferometry and more extensive
wotk in progiess to apply single aperture interferometry to asteroid studies,

i, SPECKLE INTERFEROMETRY

Smallscale  tempentue  inhomogeneities in the earth’s atmosphere
moduce changes in the index of refraction. These refractive index changes
cause phase delays along an incoming plane wave, which nuay be light from a
stellar point souree. This is represented séhematically in Fig, 1. Without phase .
errors, optical systems produce the image shown in Fig. 14, which is said w0
be “diffraction limited.” where o point-source image is the classical Airy disk
for a circuliv telescope apesiure. The size of this dinage is inversely
proportional to the telescope diameter. *With- any phase errors telescope
resolution is degraded 1o that appropriate for an optical system only as large
as the scale over which there is some phase coherence {i.e., the phase is the
samie). Since the atmasphere hreaks an incoming plane wave into about 10-cm
fugments, all telescopes produce images with resolution no better than that
of 4 0-cm telescope. namely one arcsec. This process is shown in Fig, 152,

Labeyrie {19703 proposed a method 1o recover some information down
1o lurge telescope diffiaction limits. He pointed out-that-short-exposure (Ar = e
0.01 see) photos “ficese™ the turbuience in the atmosphere. Although the ’
phase cohierence size in this “frozen” system is still (mfy 10 em, there will be
some 10-cm patches seattered aver the entire aperture which are at the same
phase. Hhese portions sct in concert as a form of “multiple™ aperture
interferometer which provides -some information down to the diffraction
limit of the entire telescope aperture. As shown in Figure 1€, the image of a
point source seen through o multiple-aperture interferometer is a series of
neardy diffractionlimited images modulated by a one arcsec seeing disk. This
process is known as “speckle interferometry™ since the shortexposure
photus, as shown in Fig. 2, look like Liser speckle photos.

I, AMPLITUDE INTERFEROMETRY

An altemnate approach to stellar interferometry; suggested by Curric -
(1967) and Curric er al. (1974), is similar-to- Michelson interferometry.
Known as “ainplitude imerforometry,”™ this-techiniquésuses-a device like that
shown in Fig. 3. The individual collection apértufes-are smaller thian the -
10-co coherence leigth in order to feduce the €onrection-due-1o atmospheric )
degradation to 1 uegligible level, As the atmosphere -miodulates:the relative
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Fig. X8 p : : -
cutent. (A) & Orionis, a resolved supergiant star,-(B) ¥ Osionis, a poini-source star, and
(U} G Aurgigac, 3 biniey <star with (L.08<aresee sepasation,

phase shifts between these two apeituves,-the'coherence propertics (and thus
angular size) of the object 35 it appears outside. the atmosphere can be
leatned. To abtain complete two-dimesisionat size and shape information the -
vbsctver varies the separation and pusition augle for the two apertures. Curric
has propused and buiit_d- multiple-uperture amplitude interferometer system,
that allows the full telescope aperture-to be covered simultaneously and all
Fourier components sumpled simultaneously. The efficizucy of such a system
shivuld be comparable o 3 speckle interferometry systeis:,

i1, DATA RECORDING SYSTEMS
AND DATA REDUCTION TECHNIQUES

A diagram of the'Kin Peak photographic:speckle interferometer is shown ) i
inFig. 4. There aré about six similar systems jn use st the present time. The
Kitt Peak camera was designed by Lynds {Lynds e7 al. 1976 Breckinridge ef
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Fig. 4. Disgram of:Lynds’ speckle intctferometer.

al. 1978). As shown in the figwe, light from the selescope passes through o
shutter and focuses at the telescope image planc. The shutter is necessary to
insute exposures shorter than the atmospheric change time, typicaily 20
msce. The telescope image is relayed wnd magnified by a microscope
ohjectize, The magnification is sct to pravide a piael resolution oversimpling
the telescope difTyaction spot size by at least 9 fucter of four. For the Ritt
Peak 4 telescope. this provides 2 final image seads of 6.2 arcseefinm. £
Aunosphene dispersion blurs speckle image pattans in the sense that the |
“red” pottion of the inuge focuses at a slightly ditferent position than the
“bluc™ poriion. Since this may be signifizant Jor even 200 A bandpass g
photos, 3 set of rotating-atmospheric-compensating prisms is included to %
tounteract the dispession. Since there zie about 20 orders of uptical §
interlerence across a speckle photo, a narrow band (AN = 200 X) interference -

filies 15 wsed 1o preserve cobetence acrons the catite speckle phoio. I this £

were not included, the “speckies™ ncar the vdge of the photos would be

clongated. A threestage image tube intensilics the image enough to allow

photozraphic data secording. A transfer lens relays the intensified image to a
- data recording system, in this case a 35.mm il camera,

. The speckle photos in Fig. 2 were taken with the Kint Peak system. The

different chasacter of these photos is readily apparent. This is understandable
: from the analogy to a suultiple-aperture interferometer. Each speckle should
= be = diffraction-limited iinage of the object. tndeed, the binury star (& Aur)

speckles are double, the point-source speckles roughly diffraction spots, and
the resolved star (o Ori) speckles somewhat Targer. This aspect led Lynds eral.
to a dircet speckle image reconstruction scheme whereby individuai speckles
wete identificd and co-added 1o produce a nearly diffraction-limited image

'
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for the special case of st like a (hi,

A number of methods exist “to reduce speckle interferometiy data.
Labeyties (1970) original incibod is widely used, in pasticular for binary star
measurements. Individual speckle photos are Fourier transforimed  either
optically or digitally and the Fourier inodulus computed. If the speckle image.
is sepresented in one dimension as i(x), and its wansform us /(s), this process
is mathematically 1epresented by

I(s) = _[" i(xjes TSy, m

The modulus or power spectrum, W), of-this transform contains the
diffraction-limited information in an casly extractable form. In the case of
the binuries, power speetra shaw -banding which represents the binary
separation: the wider the hands are apart, the closer. the binary separation.
The osientation of these bands sepreseits the_position angle of the binary
systeim,

The sesiduat effects of the sceing must be removed to vicld the maximum
aceurscy. Even thaugh the bands (fringes) are readily visible in raw speckle
power specim, their spacing is affected by the residuai seeing cffects.
Labeyric's methad uses observation of puint-source stars to detennine these
secing effects and 1emove them. I P{x) afe point-source speckle plivtos with
a mean power spectrue <PENE>, and <UEWES> the mean power spectruin
of tiie object photos i{x), then the diffraction-limited power spectruin of the
object is given by <MSP>

<P

o = 2)

Point-sdnrce data ae usually  derived  from speckle  observations  of
point-source stars situated near the program objects on the sky. Since these
point-sotrce objects e not m genesal ohserved within the sune isoplanatic
angle and not 1t the sume time, their-power spectrum can only represent the
residiad seeing eifects in a suatistical sense.

Wanden er af. (1977) have developed a method to calibrate for residual
secing cffects usiing the same set of speckle phutos as used to study the
progeam objects. We illusizate shis methed in Fig. 5. The method proceesds as
follows: the incan sutocorrelation Tunction of a series of speckle. ifx) photos
is computed:

H

TACIAY) > = < f i{x) = ifx — Dxeplx>
- 3)

Lidx) > ilx)> .

{The aitocurclation is the Fousier transform of the power spectrum: sce
Bracewell 1963 fun dletails.) As we see in Fig. S, the mean autocoriclations are
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Fig. 5 Wusirztion of the Worden o7 ol (19773 method Sur reducing speckic
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dominated by the seeing background. This background may be accurafily
removed by computing and subteacting the mean-cross-correlation befween
consecutive speckle photos of the sume set of data used to compuie the
sutocorrelation. The crosscorrelation (XC) between the i and @ + 1

speckle plioto is given by i

XC(xP> = < _{ i{x) + iy 4 (x-Gx)dx >

o s ot

e XV

Weiter and Worden (1978) showed that the resulting subtraction is the ohject
autocorrelation as it would appear with virtually-all seeing effcets removed.
This “diffraction-limited™ antocorclation congsing infortmiation on such
quaittities us angular diameter in casily extractuble form, For example, the
angular diameter of an asteroid s simply the distance between the
awtocorrelation maximum and the point where the sutocorrelstion fulls to

pAM DY
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Current phutographic speckle camerns are generally limited to objects
brighter than +7 mag. The photogapltic recording systems are therefore being
weplaced with: -high -quantum efficiency dn;,ﬂ.xl rcmrdmg systems. The
University of-A PRI S
tefevision syStém
plu)lm.,r.lphlt emi

Thiissystem sunp! replaces the
l;l for i»bjcc!s faim enough so

the same s?ccklu. If w
c\pn\urc m some uf lhc frai

diameters i'or a 105 mn«.:mmde ob_;cc
than five minutes total ubscmng time.
The aniplitide intéiferometer obitiins

apcms) ::ccumte to + 5% with less

] he high angular sesolution
information:ii-a somewhat:different.fashion than the speckle interferometer.
In this case, the light is s-.vnpled av thic enlrinee aperture of the telescope,
where the effect of the atmosphere has been 0 introduce only an crsor in the
phase delay: ‘the fight from “WoSéparaic-apcriitics on opposite sides of the
telescope is then intérferometrically-com wbined. as shown in Fig. 3.

In order 1o peonit the obscevation of fainter objects, we wish to
sitaultzncously use wll the light entering the telescope aperture, ic., the data
from many thousands of pairs of apertures (@ Multiple Aperture Amplitude
hnterferometer or MAALD. This may be done by replacing cach of the two
photomultiplicss witht a “television camera™ in which cach resolution element
acts ax a separate channel imedeiometer.

Results on solar system objects have been limited, lurgely due to the
bright limiting magnitude of existing photographic speckle systems and
: amplitnde interferometers. With the advent of cfficient phiotoclectric and

television systems this situntion is changing. Table § lists data published on
the asteroids Vesta and Pallas (Worden er al. 1977 Worden and Stein 1978).
fu these diameter determinations; circulm objects, uniform albedo, and no
fimb duskening have been assunied. With 1 photographic limiting magnitude
of +7, Vesta and Pallas are the only asteroids which have been observable so
far, Amplitude interferometry has had an even more stringeat limit, abont 43
mag. § note that he speckle results for Vesta mateh ather values for that
asteroid’s diameter very well, although Palias® diameter is about 25% lurger
than the accurate occultation results for this object {Wasserman cf al. 1979;
sce the chapter by Miilis and Elliott). However, as alluded to earlier.
photoclectric systems now make it possible to obseive objects as faint as
stellar magnitude +16,

We have used @ prototype television system (Strittmatter and Woolf
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tABLL

Diameters of Solar System Objects from Speckie Interferometry

Date Angular Dimncter Diameter
Olyect tun Aaresedd (tm)
Vet t Dee 70 0400 ¢ O S13% 451
Vesta t¥eb 77 0.470 - V00 530 225
Pallas Ateh 77 09.730 2 0.060 673 : 55
Rhee 17 Apr 78 0234 g 0us 1437 + 40
Lapetus 17 Apr 78 0189 L u.02i 12062132

1973} on Stenard Observatone’s 2.5-m teleseope to observe Satun’s satellites
Rhea (~0.5 mag) and lapetus (~105 amag), Frguze o shows a speckde
photogranh trom this system for Rbea: indincdual photon events ase readily
apparent, The angular diameters of these objects e isted in Table 1. These
vaites match lunar occultation values quite well thiliot er gl 19730 A system
developed by Boksenberg it the University College London has been used to

Fig. 6. Speckle data oblained with 2 <igital comern tor Kbhes <howmg individual
photans,
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olnetve the asterobds 311 Davide and 10 Hagoonia wt avout stellur
nugntudes 115 amd 412 1epectively. Although these reaults have not been
acanetely cadihuaied vet, the atio of the two objects” dismetets of sbout 3.
tepartad by other nvestigatons, is confirmed.

Hie accutacies sepurted in Fable T eaceed the telescape diffusction limits
by o agaificnt Dctor the quoted crfors e based on dizsmieter
detcrminations  frony independent subsets of the data, The diamcters
themacives are derwved by convalving viiuas desnctes asteroid profiles with
puint soimice speckle daty obtuined at the sume time until o best match with
the ubwerved asterog speckie profile is reached. Stellus dinmeters accurate 1o £
34 internal cnor have been detived in this uumner for objects close to tie
diffiaction limit in size (Worden 1975) and diameters fus objeets considerably
stpaller than the diffraciion timit e accurate 1o+ 307% (Worden 1976), These
Ligh precisions follow dircctly from the fact that the half width of Gaussian
ot wtlier similar profile auey be determined very wecurately, As discussed by
Worden (19706}, this accuraey is considerably greater than the telescope
diffraction Hmit, This problent is somewhat anafogous to the ahility of stellar

astromeizivts fo measute st positions [ more accurately than the half
width of 2 sicllar seetng disk.

Thete are, however, sources of systasatic error in interferometric
asteroid dimmeters, the axsumption of uniform albedo. no fimb darkening and
sphictizal, shupe ‘being among the mast- serious. -Based-on.our stellar speckle
fesults (“chcr and’ Wordéii-1979): -up to 3:20% increase in-angular dismeter
sesithts from - Jully limb darkened -disk-33 u:mpaud toza unifonm disk.
However, hasad_on- space ;uuhﬂ p!.em,t.m' and" satelliie-tinages obtained to
Aate, bage- hmb d:ukmm-' is ln,hlv unhkcl Indeed; :gs_s!mwn by McDonnell
and-Bates (1976) linib darkeniiig any - be a-free Parameter=io he fit in the
diameter Titting procedmé-deséribed. above, _given aczurate enough speckle
data, -In 2 similae oumnes-other, paramcters:suck ‘<'ckmb;uc Ishape may be
fit. Occultation resultsfor Pallas show Sonie :.lcmg:mun. so it will be necessary
in-futnic waerk to conider the effects-of ;ur::me'ets mhcr than uniform disk
dimeten. Until-we have peddected these methids: mtctfcmmcmc diameters
représcirt only ‘he diameier of g tnifoun: sphuc‘wﬁuch woild ‘produce the
satne light s ihc asterid heing observed. Theacduracies reported therefore
iefer 1o oug ability o detctniic this usclul, hut not completé parscter. To
!ulh aeds errors caused by this assumptionwe u‘umaklyrcqmrc actual high
resolution imagcs of cach asteroid being studicd. ’

Thie exciting new possibility of actual reconstiucted i :m.u:cﬁ for asteroids
appeass 1o be within grasp, The ncthods for reducing d:g(:;»dmuggd abuve
prtduce only o power spectiine or Fowier :x::g;%!iuidc—uf the truc image.
Although size and shape inay be derived from-the Fourier- amplitude, the
Fourier- phase is needed to_recanstiuet actual images. Several schemes have
been develuped 1o estinste the phase, (Bates T978: Baldwin and Warner
1978} the most promising having recently been proposed by Fienup (1978).

"
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The methed inveives an deaine «Cieme io puess phase saues and deiensine
whethier the tesulting imuge s vonasient G, all values peestive and the
. object isas a dismeter nuntchung the Lo saluch We lone trted this metluxd
' on ow power speetann esuits from photograpbe Vesta data, Wi 3 o
telescope, o diffractioitimnted  dmzge of Vedin wonld hine over 100
teseltion elements, The rewaiting dmage shown e Fizo 70 has the nght
diametet, Tlns 15 encomaeing suee the dincter 15 2 free pazzmcier in
Fienup's method as it s applied hiete, Hhe mean noise in this soage n v}
based on severzl sets of lita then within five minutes. We see o sinface
structuze farger thas this although this o oot a2 stedigent Iisit. We do see a
telongation wih the fomg aas slong posdtion angie 167 £ 47 welitive 1o

r
3z
&,

sl
cast-wost, T diameter tatio toan e hongest to shorest seems te be 19 2
082, The wality of this clongation n open 1o gquestion since polarimeiric
wsults (Snadie ef of, 19781 indicate Vesta b sphetical. Moreover, while the
derwed clongation is 2077, othe:s spechle 125 't from Kint Peak often show up
w3 107 clongation. We st Hwaefore regard this image 23 3 vy
prehaninary attempt ot mierond sy Nosetheless, Bt b an sncouzpmg
dew i"im"u which clearly wasrants tusthes study
Antother promising aspect of mterfersunctiiv methods iy the pussituhity of

Lz 7. Revondsueled mmare for Veosia from 3 Polenany 19
data. Tie asteroid didk i< 0,370 agosec w diameter.

A Kot Peak yeide
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detecting close  asteroid  paits. Binay st speckle has already  been
detnonstrated for objects s fant as +12 mag by ow group at the University
of Avizona. U may therciore be possible (o deteet asteroid satellites using
intaferometric methous and work is now uderway to accomplish this.

Thete are several limitations to interferomeniic methods. The +16-mag
linnt §s set by the requirement of al Jeast two photons per tame in o 0.01see
exposiie. To make nuerterometric methods work at all tight from sl points
of the object must puss through the same column of turbulent atmosphere.
This is called the “soplanauc” wequitement, and it has been measured to be
about 3-8 mesee, Consequently, asteroid studies shoukd not be affected by
isoplanatic problems, Mo ariticafly, the Worden ef al. (1977) conelation
methad begins (o bieak down when objects approsch the secing limit, 1
aresee. This may help explain the discrepancy between speckle diameters for
Palfus wad other vitues, siee Pallas was about 0.7 aresee in dimneter when

observed,
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